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ELECTRICALPRESSUREGAGE

STREKHEDFL&t’DIAPHRAGM

By JohnL. Patterson

.

DOL5432
UTILIZING

tiduct’mcetypeofelectricalpressuregageis
describedthatisbasically7/16inchindiametermd 1/4inchinthick-
ness. Thegagewasdesignedtomeasurepressuresfluctuatingathigh
frequencies.Itisalsocapableofmeasuringsteady-statepressures 1
witherrorsoflessthan1 percentoffullscaleandhasprovedtobe of ‘
valueasa general-purposeelectricalgageforaeronauticalworkwhere
smsllsizeandminimumresponseto accelerationforcesareimportant
factors.

Designequationsandcurvesarepresentedwhichcanbe usedto
predictthedeflectionsand
flatdiaphragms.

Inrecentaeronautical

fundamentalnaturalfrequenciesofstretched

INTRODUCTION

researchwherethetrendistohiaherair-
speeds,themeasurementoffluctuatingpressureshasbecomemoreessen-
tialandat thesametimemoredifficult.Themeasurementsaremore
essentialbecauseair-flowdisturbancessuchasbuffetingbecomemore
pronouncedwithincreaseinMachnumber.Theyaredifficultbecause,
ingeneral,pressuresfluctuateathighfrequencies,temperaturechanges
arewide,andaccelerationsareviolent.Inaddition,high-speedair-
foilsarethin,andmodelsinstalledinhigh-speedtunnelsareoften
quitesmall.

Forsometimethesetrendshaveindicatedanurgentneedforelec-
tricalpressuregageswhichwillsatisfythefollowingbasicrequirements:

(1)Verysmallsize:It is oftennecessarytomountthegagenear
thepressureorificein smallmodelstominimizetheeffectofconnecting
tubingonthegageresponse.

(2)God frequencyresponseto severalthousandcyclespersecond:
Veryhighmechanicalresonantfrequenciesandeithera flushdiaphragmor
veryhighacousticalresonantfrequenciesarethusrequired.

–———- .—— — —— ——–—— —— .— ———



2 NACATN2659

(3) ~ responsetoacceleratingforces:Vibratoryacceler- r
ationsof100gormoreandcentrifugalaccelerationsof5000gorretire
(onrotatingdevicessuchas.propellers)My be expected.

(4) Minimumten-peratureeffects:Temperaturesfrom-W” F to 200°F
maybe expected.

(5) Smsititity at lowpressures:Lowestfull-scalerangeshouldbe
flpoundpersquareinchorless;otherranges,up to*1OOpoundsper
squareinch.

(6) Lowinternalimpedance:Mountingspaceandconditionsoften
prohibitthe.useofa preamplifieror otherimpedance-changingdevice.

(7) Ltiearvariationofpressurewithoutputvoltage:Thischarac-
teristicsimplifiesdatareduction,especiallywherethepressuresare
varyingina complexmanner.

(8) Convenientoutput:Theoutputshouldbe suchthatamplifying
andrecordingequipmentofstandarddesigncanbe used.

(9)Sale andruggedconstruction:Theconstruction”shouldbe
suchthatthecostof constructionandupkeepisminimized.

Itwasfoundthatmahydesiredfluctuating.pressuremeasurements
weredifficultifnotimpossibleto@e withcommerciallyavailable
gages.Inadditionto theirlargesize,mny electricalgagesbuiltto
measurelowpressureshavea ratherlownaturalfrequencyandareoften
sensitivetoaccelerationforces.Piezoelectric-crystal-typegageshave
verygoodhigh-frequencyresponse,buttheyarehigh-impedancedevices
andarevibration-sensitive.Inaddition,theycannotbe usedto
measuresteady-stateor slowlychangingpressures.

Theminiaturegagedescribedinthispaper,designatedtheNACA
miniatureelectricalpressuregagemodel49, wasdesignedattheInstrument
ResearchDivisionoftheLangleyAeronauticalLaboratoryandhasbeen
foundtomeetmanyoftheprecedingrequirements.Someof itsusesat
=eyha~ beenthemea=ementOffluctuationsinwind-tunnelflow,
ofpressuretimehistoriesinblowdowntunnelsandshocktubes,ofpres-
suredistributionsonoscillatingmodels,andoffluctuatingpressures
inpropellerstudiesandinbuffetinginvestigations.

—
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SYMBOLS

General:

A

a

E

e

eo

fa

g

z

P

PO

R

s

T

t

v=

W

7

c

v

P

a

u

area,squareinches

linearacceleration,inchespersecond2

Youngtsmcdulusofelasticity,poundsperinch2

ma~ tensilestrain,inchesperinch

straindueto initialdiaphragmtension,inchesperinch

acousticalnatu~lfrequency,cyclespersecond

accelerationdueto gravity,inchespersecond2

length,inches

pressure,poundsperinch2

initialsteady-stateabsolutepressure,poundsperinch2

radius,inches

VOhlIUe,inch3

absolutetemperature,degreesRankine

thickness,inches

speedofsound,inchespersecond

deflectionofdiaphragm

ratioofspecificheats

dampingratio

at center,inches

absoluteviscosity,pound-secondsperinch2

density,poundspertich3

Poissontsratio

frequency,radianspersecond(2flf)
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% acousticalnaturalfrequencyofthegage,radianspersecond

% mechanicalnatumlfrequencyofthediaphragm,radiansper
second

Electrical:

j +1

L

z~

‘2

R

%

RL

vi

V.

z

Vo

wa8

inductance,henries

effectivelengthofthemagne’ticfluxpathinmetal,inches

lengthoftheairgap,inches

resistance,ohms

effectivealternating-currentresiskcejohms

loadresistance,ohms

inputvoltage>volts

outputvoltage,volts .

impedance,ohms
.

initialpermeability

DESIGNCONS~ERATIONS

GeneralDesignFeatures

Thevariable-air-gapinductancetypeofelectricalsensingelement
selectedbecauseitwasfoundtopermittheclosestapproximationto

,

“

therequirementslistedintheintroduction.Forextremecompactness,
the@ge componentsarearmged as shownh figure1. A flat,
stretched,metaldiaphragmis solderedbetweentwocup-shapedmetalcase
halves,eachofwhichhasa pressureopeninganda corepiece.An induct-
ancecoilis cementedabouteachcorepiece.Thedifferencebetweenthe
pressuresinthetwopressureopeningscausesthediaphragmtodeflectso
thatthelengthsoftheairgapsbetweenthediaphragmandcorepieces
arechangedandthustheimpedancesofthecoilsarechanged.

,
Thecoils

areconnectedinadjacentarmsofan alternating-currentWheatstone
bridgecircuitsothata voltageoutputisproducedproportionalto the
impedancechanges.In thismanner,a reasonableoutputcanbe obtained

.
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.

(by utilizingthesmalldeflectionsoftheminiaturediaphragms~-inch

)freediameterwithoutdecreasingtheirnaturalfrequencieswithadded

weightor mechanicallinkages.

An inductance-typegagewithsmallcoilsisan inherentlylow-
impedancedevicewhichminimizesstrayvoltage”pickupandperiuitslong
leadwiresbetweenthegageanditsassociatedequipment.Theuseof
twoair&ps, oneoneachsideofthediaphragm,resultsin increased
andmorelinearoutputas,isdescribedsubsequently.Thedouble-air-
gaptypeofgagealsopermitsa symmetricalmechanicalandelectrical
constructionwhichreduceszerodriftwithtemperaturechanges.Main-
tainingreasonabletolerancesduringthecase-machiningandcoil-winding
operationswasfoundtomakethezerodriftquitesmall.

In ordertominimizechangesofdiaphragminitialtensionwith
tempe~tureandhencechangesofgagesensitivity,thecaseanddiaphragm
materialsshouldhavethesamecoefficientofexpansion.Inorderto
reducechangesin initialtensionfurther,andtominimizetemperatu~
errorsdueto changesofair-~pdimensions,thecoefficientofexpansion
shouldbe small.Thegagemustbe madeofa magpeticmaterialhavinga
reasonablyhighinitialpermeability(asexplainedsubsequently),and
thethermoplasticcoefficientofthediaphragmmaterialshouldbe small.
Sincethemnge ofnickel-ironalloysbetweenS>percentandso-percent
nickelcontentmeetmny oftheserequirements,severalsuchalloyswere
usedtobuildexperimentalgages.Thealloyhaving42-percentnickel
contentwasfoundtobe themostsuitablematerialavailableinthe
requireddiaphragmthiclmessesandisused,inthefullyannealedcondi-
tion,forboththediaphragmsandcases.Figure2 showshowsomeofthe
criticalcharacteristicsvarywithpercentnickelcontentaccordingto
informationsuppliedby theCarpenterSteelCompany.

A pressuregageforgeneraluseshouldbeabletowithstandabuse,
especiallyif itistobebuiltintoa mdel. TheNACAminiatureelec-
tricalpressuregagehasbeenfoundtomeetthisrequirementbecauseof
itscompactsturdyconstruction.The42-percentnickelalloyhasbeen
foundtobe sufficientlycorrosionresistantunderthenormalconditions
towhichthegageshavebeenexposedattheLangleyLaboratory,including
contactwithseawater.

DiaphragmDeflection
,.

Reference1 givesthefollowingformulasforthebendingofa flat
stretchedcirculardiaphragm,havingitsedgescompletelyfixed,and

“ lot2whereit canbeassumedthat W< 8t and e.< —:R2
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~+!5(l+a) f+ (1+ U)(173- 73U)f-—
p - 3 (1 - U2)R4 6 ‘o~2 360 t2

[ 14wt1+l+ueo&+w+(l +~)(83-43u)w3e-eo=—
~2 3 t2 U?t 360 ~2

thefollowingconstantvaluesfortheNACAminiaturegageare
theserelations:

E= 22x

R=@ch

106poundsperinch2

u = o.2g

equation(1)becomes

(p = a.49 x dot% 1 + 0.0263‘0 W2
g )

+ o.544—t2

andequation(2)%ecomes

e -eo= (163.8wt1 + 0.0105~ +
W2

&+0. 253—
t2 t2)

2659

(1) o
e

(2)

put

(3)

(4)

It isapparentfromequation(3) that,whenthedeflectionW is
ofthesameorderofmgnitudeas thethicknesst smdthereisno
initialtensioneo,thepressure-deflectioncurvewillbe quitenon-
linear.A widelyusedmethodofreducingthisnonlinearityby corru-
ptingthediaphragmbecomesimpracticalwheresmll sizeandhigh
naturalfrequencyareimportantconsiderations.Inthisdesignitwas
decidedto improvelinearityby applyingenoughinitialtensionsothat,
inequation(3):

W2
I +0.0263~>>0.544F

InitialtensionalsoconsiderablyreducestheeffectsofthesnWll
distortionsusuallypresentinthindiaphragmmaterials.

●
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Ifthe-mum allowednonlinearitybe defined.asa l-percent
deviationfromthestraight-lineportion(neartheorigin)ofthe
pressure-deflectioncurve,thefollowingexpressionisobtainedfrom
equation(3):

2
1 + 0.0263~=54.4k

t2 t2

Whenthisequationis solvedfortheinitialtensionrequiredto give
l-percentmaximumnonlinearity,

‘o = 2093Wmx2- 38.1t2 (5)

By usinga mximumpermissiblevalueof strainof0.001inchperinch,
thediaphragmdesigncurvesoffigure3 wereobtainedfromequations(3),
(4),and(5). Therequiredinitialtension,optimummaximumpressure,
andoptimmmaximumdeflectionareplottedagainstdiaph=gmthickness.
Itwillbenotedthattherequiredinitialtensionreachesa maximumfor
a thicknessofabout0.002inch(ratedpressurerange,4 psi)andthat
no initialtensionisrequiredforthicwessesofmorethan0.0067inch
(pressurerangeabout@psi). Also,thecurvesshowthata full-scale
deflectionof0.0005inchormorecanbe realizedonlyforpressure
rangesbetweenabout1 poundpersquareinchand200poundspersquare
inch.

Figure4 givesthepressure-deflectioncurves,definedby equa-
tion(3),atvariousvaluesofinitialtensionfora gagehavinga
diaphmgmthicknessof0.004inch(ratedpressurerange,15psi). The
linesofmaximumpermittedstrainandnonlinearitywereobtainedfrom
equations(4)and(5). Theintersectionoftheselinesgivestheoptimum
uximumpressureanddeflection.TableI givesthediaphragmthickness
andappro-te initialtensionusedforeachofthestandamlpressure
ranges.Itispossibletobuildintermediaterangeswiththesesame
diaphragmsbyvaryingtheinitialtension.Theamountofinitialtension
ina diaphragmcanbe estimatedby comparingitscomputedpressure-
deflectioncurveswithitsmeasuredcurveofpressurea~instvoltage
output. Thisprocedurehasbeenofgreatvaluewhenthediaphragm-
stretchingdevicedescribedsubsequentlyisused.

AccelemtionEffects

A flatdiaphragm,whensubjecttoanaccelemtionnorwl toits
surface,isactedonby a forceperunitareawhichtendstodeflect
thediaphragmandwhichisequivalenttoa pressure.Since pt is

. . . . . ..— .—-— ———————.
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theweightperunitarea
toa normalaccelemtion

Fromthis
normalto
3 percent

expressionit
thediaphragm
offullscale

NACATN‘2659

ofthediaphragm,theequivalentpressuredue
a, is

.

ptap=y (6) “

hasbeencalculatedthatanaccelerationof100g
willgivean errorthatwillvaryfromabout -
forthel-pound-per-square-inchgageto about

0.3percentoffullscaleforthe100-pound-per-square-inchgage.

Becauseofitssturdyconstructionandbecauseofitssmall
diaphragmdeflections,thegagehasbeenfoundtobe unaffectedbyvery
highaccelerationsparalleltothediaphmgm.Also,ithasbeenfound
thatthenaturalfrequenciesofthegagesaretoohightobe excitedby
theusualmechanicalvibrationsencounteredinaeronauticalwork.

DiaphragmResonance

References2 to8 givesolutionsfortwotypesofvibratingflat
circulardiaphragmsclampedattheboundary.Onetypeisa platewith-
outinitialtension,andtheotherisan infinitelythin,perfectly
‘fletiblemembraneunderradialtension.Sincethediaphragmofthe
NACAminiaturepressuregagehasa definitethicknessrelativeto its
diameter,itmustbe considereda plateundertension,theintermediate
casebetweenthesetwoty_pesofdiaphragms.Theexpressionsforthe
motionsofsucha stretchedplatearequiteinvolved;therefore,in

w

orderto savelaborioustrial-and-errorcalculations,itwasnecessary
todevisea graphicalsolutionforthenaturalfrequencies.This1301u-
tionisrepresentedby thecurveoffigure5 (seeappendixforderi-

.

vationandexplanation)whichpermitsa simpleaccuratecalculationof
thefundamentalundampednaturalfrequencyofanyclampedcircularflat
diaphragmunderradialtension.Similarcurvescouldbe devisedfor
othermodesofresanance,butthefrequencieswouldbe toohightobe
ofinterestinthisdiscussion.

5Thefundamentalnaturalfrequenciesofthe—-inch-diameter
16

diaphragmsintheNACAminiaturepressuregageswerereadilycalculated
by thismethodandareshowninfigure6. A curveofnaturalfrequency
againstinitialtensionisplottedforeachofthestandarddiaphragm
thicknesses.Theinitialtensionrequiredineachdiaphragmfor
l-percentmsdmumnonlinearity(fig.3)isalsoshown.Itwillbenoted -
thatthecurvesforthethinnerdiaphragmsapproachtheonefora
stretchedmetirane(alsoshowninfig.6),ad thecurvesforthe
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thickerUaphragmsbecomenearlyverticalsothattheirnaturalfre-
quenciesapproachthoseofunstretchedplates(intersectionsof curves
andhorizontaltis offig.6). Itwillalsobe notedthat,without
initialtension,thethinnerdiaphragmswouldhavequitelowfundamental
naturalfrequencies.

AcousticalResonance

Possibleerrorsduetoacousticalresonancemaybe avoidedinthe
designofa dynamicpressuregagebypermittingthediaptigmtobe
directlyexposedto thepressurebeingmeasured.However,thereare
manyinstanceswheresucha gageisnotsatisfactory.Whenpressure
gradientsarehigh,theexposeddiaphragmmaybe toolargeforpoint
measurements.Also,a flush-diaphragm-gageinstallationisusually
moredifficultandmaydisturbthesurfacecontourandfinishofthe
model.Sincethediaphragmofa smallgagebuilttomeasurelowpres-
suresisusuallythinandfragile,itwouldbe subjecttodamageif
exposed.Forthesereasons,andin orderto obtainan improvedgage
designasdiscussedpreviously,thepressuretobe masuredby theNACA
miniaturegagereachesthediaphragmthrougha smll opening.

Theacousticalnaturalfrequency~ anddampingratio ~ ofa
gagehavinga pressureinletleadingto a cavitymaybe approximatedby
theequations,references4 to9, foraHelmholtzresonator(seefig.7):

%

In theserelationsitisassumed
inletlength,aresmallcompared
frequency,thatthediaphragmis

(7)

(8)

thatalldimensions,especiallythe
to thewavelengthoftheresonant
relativelystiff,andthatthecavity

volumeislargecomparedwiththeinletvolume.Althoughtheseassump-
tionsarenotentirelytruefortheminiaturegage,equation(7)does
showthat,fora highnaturalfrequency,theinletmustbe shortandof
largediameterandthecavitymustbe small.Itwillalsobenoted
that,withfixedgagedimensions,Ua a Vc and,hence,fora given
&LS, ~ am. Measuredvaluesof ~ areapproximately30percent
lowerthanthoseobtainedbyusingequation(7). Inadditionto these
conditions,equation(8)is onlyvalidforlaminarflowintheinlet
andthisexpressionisalsoanapproximation,especiallywhenamplitudes

.- —.—— .— -—_____ —. .-—
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arehigh.However,it canbe seenthat,inadditiontobeing.dependent
onabsolutetempemture,thedampingratioofa gageina givengas

a

variesinverselywiththeinitialsteady-stateabsolutepressurePO.
Measuredvaluesofthedampingratiooftheminiaturegageat standami ‘
atmosphericconditionsarecloseto 0.1.

Over-allFrequencyResponse

Ina typicalminiature-gageinstallation,onesideofthegageis
connectedthrougha shortorificetothepressuretobe measured,and
theotherside,orreferenceside,is connectedthrougha longertube
toa referencepressure,oftenatmospheric.Thereferenceside,unless
itis connectedtoa sharplyresonanttubingsystem,haslittleeffect
ontheover-allfrequencyresponseofthegageas isshownby the
experimentalresultspresentedsubsequently.Hence,excludingthe
referencesideofthegage,theover-allfrequencyresponseisdeter-
minedby twocoupledresonantsystems:thediaphragmandtheacous-
ticalresonantsystemonthemeasuringsideofthegage. Sincethis
couplingis low,as showninreference3,page105,andsincethe
diaphragmnaturalfrequencyismde comparativelyhi@, theacoustical
resonanceisthemin determiningfactoratthelowerfrequencies.
Thus,toa reasonableapproximation,theover-allamplituderesponse
andphaseshiftupto 3000or4000cyclespersecondisthatofa
single-degree-of-freedomsystemwithviscousdamping(references2
and3)havingparametersdeterminedby theacousticalresonance.Such
a systemhaslessthan10oofphaseshiftuptoapproximately60per-
centofitsnaturalfrequencywhenitsdampingratiois0.1orlower.
Itsamplituderesponseis flatwithin5 percentuptoabout23percent
of ~ when ~ = 0.1. Hence,no additionaldampingoftheminiature
gageisneededformeasurementswherelowphaseshiftisdesiredand
frequenciesarereasonablylow,forexample,pressuredistributionson
an oscillatingairfoil.However,whereminimumdistortionofa high-
frequencynonsinusoidalpressurewave.formisdesired,thedampingratio
shouldbe adjustedtoa valueofappro-tely 0.65.Thisadjustmentis
accomplishedby experimentallyinsertingoneormorelayersofclosely
wovensiIkornylonclothacrossthegageopening.Withoptimumdamping,
theamplituderesponsecanbemadeflatwithin5 percentup toabout
70percentof ~, andthephaseshiftincreasesapproximatelylinearly
toa valueof90°at %.

.

Whentheacousticalresonanceofthegageitselfismcdifiedby an
addedlengthofinlettubing,theHelmholtzresonatorexpression,equa-
tion(7),canstillbe usedtoapproximatethelowerednaturalfrequency,
providedthetotalinletlengthissmallcomparedtothewavelengthof
thisfrequency.Iftheinletlengthis compa=tivelylong,therela-
tionsusingthedistributedconstantsofthetubemustbe employed,

—
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1 inchinsidediameter,reference10. Iftheaddedtubingis overabout–-
8

thegagecavitycanbe assumedtobe negligiblysmall;thisassumption
simplifiestherelationstothosefora resonanttubeclosedat the~ge
end.

ElectricalFeatures

Reference11 givesthefollowingrelationbetweenthechangein
inductanceAL/L ofa variable-air-gaptypecoilandthechangeinits
air-gaplengthAZ2/Z2:

Theinductancesofthetwocoilsoftheminiaturegagechangesimultane-
ously,oneincreasing,andonedecreasing,anditis shownsubsequently
thatthegageoutputisproportionaltothesumofthesetwochangesof
inductance.Fromequation(9)thissumisapproximately:

r

Sinceexpressions(9)and(10)are
nomagnetic-fluxleakage,theyare
However,theydo showthattheuse

basedonan ideal
notexactforthe

(lo)

toroidalcoilhaving
miniaturegage.

oftwopush-pullcoilsconsiderably
increasesthelinearrangeofa gage.A valueof0.010inchwaschos&
forthelengthoftheairgapsintheminiature@ges. Thislengthwas
foundto givea reasonableoutputandat thesametimepermittedaccurate
matchingofthetwoair@ps withusualmachine-shoptolerances.Ifthe
diaphmgmdeflectionisassumedtovarylinearlywithpressure,expres-
sion(10)indicatesthattheoutputofa typicalminiaturegagehaving
anair-gapchangeof5 percentwouldbe about1/4percentnonlinear.A
similarsingle-air-gapgagewouldbe about5 percentnonlinear.Expres-
sions(9)and(10)alsoshowthat,forrmdnunoutputandforminimm
effectsofanyvariationsinthemagneticqualities,the@ge shouldbe
tie ofa materialhavinga highinitialpermeability(seefig.2)so”

/thattheterm 21Z21.L0willbe smallcomparedwithunity.Thevalueof

thistermfortheminiaturegageis quitesmall,approximately0.01when
a valueof4200isassumedfortheinitialpermeabilityofthe42-percent
nickelalloy.

—-—— —-—.—.



12

Sinceitwasnot
miniature-gagecoils,
atthehighercarrier

NACATN 2659

practicalto laminatethecorestructureofthe “
theireffectiveresistanceisappreciablyincreased
frequenciesowingto eddy-currentlosses.The

expressionsforthisincreas@resistanceareratherinvolved,butit .
canhe shown,reference11,thatitvarieswithair-gaplengthina
mannersomewhatsimilartothatalreadydescribedforan inductance.

Mostofthebridgecircuitsinwhichtheminiaturegageisusedcan
be representedby thesimplifiedcircuitoffigure8 withreasonable
accuracy.Ithasbeenassure@that,withnopressureappliedtothe
gage,theimpedanceofeachcoil Z isthesameandthattheresistance
ofeachoftheotherbridgearms R isthesame.Whena differential
pressureisappliedtothegage,theimpedanceofonecoilincreases
anSJnountMl whiletheimpedanceoftheothercoildecreasesan
amountAZ2. In eachcasetheimpedancechangesareduetothevector
sumofan inductancechangeanda resistancechange,eachofwhichis
assumedtobe linearwithpressurechanges.ThevoltageoutputV. of
sucha bridge,references11to 13,isgivenby thefollowingrelation:

Az~+Az2
Vc)= %

2Z ~+R+Zvi
(11)

Forthesmall
Whentheload

RL
*

2RL+R+Z

air-gapchangesoftheminiaturegage,m~mmz%m.
resistance~ ishighcomparedwiththebridgeimpedance,

1—.2 Withtheseapproximations,equation(11)becomes:

vi
vo=~—Z2

If thefollowingrelationsbe defined,

Z=q+jm Q=?
e

AZ= AE&+ju AL

thenequation(12)canbe expressedinpolarformas

Q GziiE:L(t.-l..‘o=%~~ AQ

follows:

tan”%)

(12)

(13)

—. ——.—
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.

.

wheretheangle

voltages.When

givesthephaserelationbetweentheinputandoutput

I!ImiL,~ isnegligiblysmalljAQ is large, ~n
flw

andequation(13)reducesto:

(14)

Equations(13)and(14)showthatformximumoutputthe Q ofthe

coilsshofidbehighsothat Q/~~ approachesunity.At the.=
timethecoilsshouldpermittheuseofa reasonablyhighinputvolt-
age Vi withoutoverheatingandwithoutdrawingexcessivepowerfrom
thecarrieroscillator.Thecoilsshouldbewoundwitha materialhaving
a lowtemperaturecoefficientofresistance,andthewiresizeshouldbe
largeenoughtobe convenientlyhandled.Inaddition,”mostcarrier
systemsarebuilttomatchgageshavingan impedanceof severalhundred
ohms.Withtheseverespacelimitationsintheminiaturegage,these
conflictingrequirementsweredifficulttomeet.However,coilswound
withlx turnsofB.& S.No.38ma.nganinwirewerefoundto givea
reasonableoutputovera widerangeofcarrierfrequenciesin spiteof
theirlowvaluesof Q. Figure9 givestheinductanceL andeffective
resistance~ ofa typicalminiature-gagecoilwith4 feetofvinyl-
coveredcableattachedasmeasuredatvariousfrequencieswithan
Andersontypeimpedancebridge(references12to 14). Thepercentage
changeinthesepropertiesdueto full-scalepressurewasmeasuredat
thesametime,andtheterms (m/L)mx, (-%/%)-, ‘d

(1 2)((&/L)ux Q = ~G21AQ ) arealsoplottedagainstfrequency
in figure9.

..
AssociatedCarrierEquipment

Figure10 givesa blockdiagramofthecarrierequipmentnormally
upedwithinductance-typegages.Thebridgeoutputisamplified,
demodulated,andappliedtotherecorderas a currentpropotiionalto
themagnitudeanddirectionofthegagepressure.Sincean iron-core
gagewillgenerallyprcducethirdharmonicsofitsinputfrequency,the
third-harmonicfilterisnecessaryif fullinputvoltageisappliedto
thegageanda high-gainamplifierisused.Thephase-shiftcircuit
compensatesforanyphaseshiftinthebridgecirctitoramplifier,so
thatmximum@ge sensitivitymy be obtained.

—.——. .
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Carriersystemsas outlinedin figure10andwithoscillatorfre-
quenciesof 3 to ~ kilocyclespersecondhavebeensuccessfullyused
withtheminiaturegages.In orderto supplementcommerciallyavailable
carrierequipmentbuilttodriverecordinggalvanometersup toabout
~0 cyclespersecond,twoadtitio~lsyst~ havebeenbuiltatthe
LangleyLaboratoryespeciallyfortheminiaturegages.Onesystem,
builtto utilizethehigh-fiequenciresponseofthe~tiaturegages,has
a 2~kilocycle-per-secondoscillatorandan outputcircuitdesignedto
drivea cathode-rayoscilloscope.Anothersystem,builtas simplyas
possibleinunitshavingupto 18 channels,isusedto driveverysensi-
tivegalvanometerswhenthepressurefrequenciesareexpectedtobebelow
about100cyclespersecond.As showninthetypicalcircuitoffig-
ure11,the@ge outputisdemmlulatddirectly,andtheamplifier,
filters,andphase-shiftcircuitoffigure10areomitted.A 10-kilocycle-
per-secondoscillatorisusedand,whennecessary,thegermaniumcrystals
areputina smalltemperature-controlledovenforincreasedstability.

CONSTRUCTIONDETAILS

Photographsofthetwomostwidelyusedmodelsoftheminiature
pressuregageareshownin figure12. Theydifferonlyintheirexternal
features.Model49-NCisbuiltforgeneraluseandis characterizedby
a cableclampandpressurenipplesusedto facilitatebothmountingand
makingpressureconnections.Inthemodel49-TPgage,builtforminimum
thicbess,thepressurenipplesareomittedandthepressureopeningsare
No.2-64N. F.tappedholes.Thecableclampisalsoomitted,andthe
electricalconnectionsareprotectedby fillingthespacebetweenthe
small flangeswitheithera hardmX orparaPlex~a catalfiicsetting
plastic.Anothersmallergroupofgages,builttobe installedina series
of smalloscillatingmodels,havenippleson onesideandtappedpressure
openingsontheotherside.Several@ges,builtforinstallationswhere
a minimumdiameterisrequired,haveno flangesat thecableconnections,
andthelead-inpinsmke a sharpbendnearthegage.

Detaileddrawingsforthemdel 49-NCgagearegiveninfigures1
and13andarelargelyself-e~lanatory.Othermodelshavethesame
basicdimensions.Excludingpressureandelectricalconnections,all
ofthegagesare7/16inchin outsidediameter,1/4inchthick,andtheir
diaphragmshaveanactivediameterof5/16inch.Thetwocasehalvesof
eachgagearepairedsothattheO.010-inch-air-gapdimensionsagree
within0.0005inch. Allthecoilsarewoundsothatthenumberofturns
(lx) matchwithinoneturn,andthetwocoilsfora gageareselected
sothatthedirect-currentresistancesmatchwithin1 ohm. TheGlyptal, .
usedto cementthecoilsinplaceandtopressure-sealthejointsaround
thelead-inwires,hasbeenfoundtobe littleaffectedby thesoldering
heat,provideditisproperlybakedinplace.
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Thesolderingjigshownin figure14 isusedwhensolderingthe
diaphmgminplace.Thisjigismadeoftype303stainlesssteelwhich
hasa the-l coefficientofexpansionapproximatelythreetimesthatof
the42-percentnickelalloy.A pieceofdiaphragmmaterial1 inchin
diameterisclampedinthejigat roomtemperature.(Thesizeofthe
jigislimitedbecausethethinnerdiaphragmmaterialisavailableonly
inwidthsof1 in.orless.)A pairofcasehalveswiththecoils
cementedinplaceismountedinthejigas shown.In orderto stretch
thediaphragmmaterial,theentireassemblyisthenheatedinan oven
toa temperaturebetween100°F and175°F aboveroomtemperature,
dependingontheinitialdiaphragmtensionrequiredfortheparticular
pressurerange.Theexactjigtemperatureisalsodeterminedbyvari-
ationsinthegagematerialandinthesubsequentsolderingtechd.ques.
Whenthejighasreachedthecorrecttemperature,itis removedfromthe
ovenandthediaphragmis solderedtothecasehalveswitha small
jewelersalcoholtorch.Althoughthetemperatureoftheheavyjigwill
notchangerapidly,muchcaremustbe exercisedduringthesoldering
operationto obtainrepeatabletemperaturegradientsinthevarious
partsiftheinitialdiaphragmtensionistobe controlled.

Althoughconstructionofconsistentlysatisfactoryminiaturegages
isnotsimple,it canbe accomplishedby reasonablyexperiencedinstru-
menttechnicians.The42-percentnickelalloy,likemostM@-nickel
steels,requiresspecialmachiningtechniquesbecauseofitstoughness
andtendencyto “bug”thetools.Thesmallcoilsaretedioustowind,
andexperienceisrequiredto obtaintheproperinitialtensioncon-
sistentlywhensolderingthediaphragms.However,thegageiscomposed
ofonlya fewpartsofsimpleshapeand,whetheritwasmadeatthe
LangleyLaboratoryorundercontract,constructioncostshaveprovedto
be somewhatlessthanthecosttoNACAofotheravailableelectrical
gagesusedto recordfluctuatingpressures.

Sometypicalgageinstallationsareillustratedby thesketchesof
figure15. Ineachcaseshownthepressureorificemaybedrilled,and
thesurfaceonwhichthepressureistobe measuredmaybe finished
beforethegageisinstalled.If itisdesiredtomeasurethediffer-
encebetweentheupper-andlower-surfacepressuresonthesmallsolid
airfoiloffigure15(c),theairfoilmaybe splitandthegagesclamped
betweenthetwohalvesas intheconeoffigure15(d).If splittingthe
airfoilis impractical,the@ges areusuallyinstalledas in figure15(c)
exceptthatshortlengthsofthick-walltubingconnectthelowersideof
thegagestothelowersurface.Inthiscasetheorificesareusually
tappedforsmallplugs(oftenNo.o-72) toprevententryofforeign
particleswhilethesurfaceisbeingfinished.
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PERFORMANCETESTS

output

Thefull-scaleopen-circuitoutputofa 15-pound-per-square-inch
miniaturepressuregageatvariouscarrierfrequenciesisgivenbythe
curveoffigure16. Thebridgecircuitused,showninfigure17,is
incorporatedinmny carriersystems.Theoutputsof otherrangesof
the@ge varywithfrequencyinthesame~er. Averagevaluesofthe
full-scaleoutputofeachofthestandafipressureranges,whenusedwith
thebridgecircuitoffigure17at 10kilocyclespersecond,aregiven
intableI.

Figure18givesa calibrationcurveofcurrentoutputagainstpres-
sureobtainedwhena ~pound-per-square-inchgagewasusedwith
3000-cycle-per-secondcarrierequipment,ConsolidatedEngineeringCorp.
SystemD. Referto figure10 fora blockdiagramoftheequipment.A
mediumgainsettingoftheamplifierwasused.Withthiscarrier
equipment,about1/10ofthefull-scale@ge pressuregavefull-scale
outputwhentheamplifiergainsettingwasa maximum.

Linearity

An expandedplotofthetypicalcalibrationcurveoffigure18
showedthatits?mndnmndetiationfromitsstrai@t-lineportionis
approximately2 percentoffullscale.Furthertestsrevealedthat
aboutone-halfofthisdeviationwascausedbythecarrierequipment, u
sothatthemmdmumnonlinearityofthegagewasabout1 percent.This
valueistypicalofmostoftheminiature~~s-owever, gageshaving
variousamountsofmaxim nonlinearity,froman imperceptibleamount

.

up to 2 percent,havebeenbuiltandfoundtobe satisfactory.Since
theless-linear@ges havemoreoutput,andsincetheirnonlinearity
reachesitsmximumat full-scalepressure(seefig.4),thesegagesare
usedwherethepressurestobe measuredareexpectedtobe somewhatless
thanfullscale.

Hysteresis

An expandedplotofthetypicalcalibrationcurveoffigure18 showed
thegagetohavea wimum hysteresiserrorof0.7percentoffull.scale.
Similartestsofotherminiature@ges showedthattheirhysteresis
errorsareusuallylessthan1 percentoffullscale.In othertestsin
whichthemaximumpressureappliedwaslessthanfullscale,itwasfound
thatthehysteresiserrorswerecorrespondinglysmaller.

.
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TemperatureEffects

Overthetempe-turerangeof-~” F to 200°F, theshiftingage
outputduetotemperaturechanges(zerodrift)hasbeenfoundtobe less
than0.02percentof fullscaleperdegreeformostofthegagestested.
Overthesamerange,testshaveshownthatthechangein sensitivitywith
temperatureisusuallylessthan0.03percentoffullscaleperdegree.
However,ithasnotalwaysbeenpossibleto obtainwell-matcheddiaphragm
andcasematerials,andchangesofsensitivitywithtemperatureup to
0.2percentoffullscaleperdegreewerenotedforonelotofgages.
Thetemperatureerrorsareconsistentandmaybe correctmiiftheapproti=
mategageoperatingtemperatureisknown.

AccelerationEffects

A typical8-pound-per-square-inchgagewasmountedona laboratory
horizontalvibratingtablesothataccelerationsactednormaltothe
diaphragm.Accelerationsupto 22gat frequenciesup to 60cyclesper
secondwereapplied.Theresultingoutputswererecordedwithauxiliary
equipmentas outlinedin figure10andwerecomparedwitha pressure
calibrationofthegage.Theoutputdueto theaccele~tionforceswas
foundtobe 0.013percentoffull-scaleoutputperg. Thisvalueand
theresultsofothersimilartestsagreereasonablywellwithvaluescom-
putedbymeansofequation(6).

In orderto checkgageoperationwhensubjecttohighaccelerations
paralleltothediaphragm,calibrationsweremadewhilethe@ge was
mountedona spinningdisk.Electricalconnectionsfromthegagewere
broughtoutthroughspeciallytreatedslipringsandthepressurecon-
nectionthrougha rotatingpressureseal.Twoseriesoftestswere
made,oneupto 2100gwiththegagemechanicallyclampedandanother
up to~Og withthegageembeddedinWoodfsmetal.No measurablezero
driftorsensitivitychangewasobserved.Theaccuracyofmeasurementt
waslimitedby theslipringsto 2 percentoffullscaleforzerodrift
and1/2percentoffullscaleforsensitivitychange.Miniaturegages
havealsobeenembeddedinWood~smetalandmountedonotherrotating
deviceswherethecomputedacceleration,actingapproximatelyparallel
tothediaphragm,wasashighas 28,000g.Althoughno calibrationswere
madewhilethegageswerebeingrotated,thegageswerefoundtobe
undamaged@en latertested.

AmplitudeResponseandPhaseShift

Recordsweremadeoftheminiature-gageoutputwhenthelowerreso-
nantfrequencieswerepulse-excited.A direct-currentbridgecircuit
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anda recordingoscilloscopewereused.Althoughthismethodprduced .
an outputproportionaltotherateofchangeofthepressure,thereso-
nantfrequencysndtherateatwhichitwasdampedwereunchanged.The
acousticaldampedfreeresonantfrequencywasexcitedby rapidlypassing T
a smalljetofairacrossthepressureinlet.Fromsuchtests(madein
airatnormalroomconditions),theacousticalnaturalfrequencywas
foundtoaverageabout4200cyclespersecondforthemodel49-NCgage
andabout~00 cyclespersecondforthemodel49-TPgage.Thedamping
=tio ineachcasewasfoundtobe appro-tely 0.1. Recordsof
diaphragmresonantfrequencies,excitedby strikingthe@ge casewith
a smallmetallicobject,gavenaturalfrequenciesthatagreedwiththose
predictedin figure6 withintheaccuracywithwhichtheinitialtension
couldbe estimated,about10percent.

Thepressurepulsatorshownin figure19wasbuiltattheLangley
Laboratoryto checkthefrequencyresponseofdynamic-pressuregages,
actualinstallationconditionsbeingsimulatedwherepractical.The
motor-drivensine-wavecamrotatingpasttherectangularairjetcauses
thepressuretovaryapproximatelysinusoidallyat thegagelocation.
Pressurepulsationsfrom25to 3000cyclespersecondwithamplitudesup
to 1 poundpersquareinchpeak-to-peakcanbe reliablyobtained.A
piezoelectricpressuregage(manufacturedbyMassaLaboratories,Inc.)
isusedasa standard.Thepulsatorisfrequentlyruninanaltitude
chamberto controlpressureandtemperaturewhichgoverntheacoustical
characteristicsaswasshowninthesectionentitled“Acoustical
Resonance.” “

Bymeansofthispulsatorandthe2~kilocycle-per-secondcarrier
equipment,calibrationcurvesoffrequencyagainstamplituderesponse
weremadeinairatnormalroomconditionsofa typical8-pound-per-
square-inchmodel49-NCgagewithno addedtubingandareshowninfig-
ure20. In orderto checktheeffectsofreferencepressureconnections,
testsweremadewiththereferenceside(1)openandfreeto resonate,

(2)plugged,and(3)attachedto 10 feetof~ -inch-inside-diameter

tubing.Theseeffectsareseentobe small.Fromrecordsofthepulse-
excitedresonantfrequenciesofthisgage,theacousticalnaturalfre-
quencyfa wasfoundtobe 4100cyclespersecond,andthecorresponding
dampingratio ~,tobe 0.11.Thetheoreticalamplituderesponseofa
single-degree-of-freedomsystemhavingtheseparametervaluesisshown
asa solidcurvein figure20. Thedeviationsnear2000cyclesper
secondcanbe attributedto thefairlyhighsecond-harmoniccontentof
thepulsatorwaveform.

1,

.

Thephase-shiftcalibmtionofthesamegageisalsoshowninfig-
ure20. Accum.temeasurementsweredifficultbecauseoftheimperfect
pulsatorwaveformandwereveryunreliableabove1000cyclespersecond.

1
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However,themeasuredvalueshavethesameorderofmagnitudeasthe
computedtheoreticalonesshowninthesamefigure.

DESIGNVARIATIONS

Inadditionto the~-inch-diameterminiature@ge describedin
16

thispaper,severalsmallervariable-air-gappressuregageshavebeen
builtattheLangleyLaboratoryin SMU quantitiesforspecialappli-
cations.Oneofthem,model51,is essentiallythemodel49gage
reducedin size.Itsoutsidediameteris 3/16inch,itsthicknessis
0.160inch,anditsdiaptigmhasanactivediameterof0.120inch.It
wasbuiltforapplications
foundtobe toolarge,for
suresnearertothetipof
ure15(d).

wheretheregularminiaturegagehasbeen
example,measurementsoffluctuatingpres-
theconicalsupersonicsurveyprobeoffig-

Anotherdesignvariation,mciiel50,isthe~- tich-outside-diameter

by ~-inch-longflush-diaphragmgagebuiltforshock-tubemeasurements

andSO forth.Thefreediapluagmdiameterisalso0.120inch,andits
lowestnaturalfrequencyis30,000cyclespersecondorhigherdepending
onthepressurerange.Thediaphragmis solderedononeendofthegage,
andtheelectricalleadsandthereferencepressureconnectionare
brou@toutoftheoppositeend. Thereis onlyoneactivecoil,buta
dumy coilinthegagepermitstheuseofstandatibridgecircuits.The
dummycoilhasa silvershiminsteadofanairgap,andreasonablet~-
peraturecompensationcanbe obtainedbyvaryingthethicknessofthe
shim.

CONCLUDINGREMARKS

Theminiatureelectricalpressuregagedescribedinthispaperhas
provedtobe ofvalueformy typesofpressuremeasurementsinaero-
nauticalresearchat theLangleyLaborato~.Theoutstandingcharac-
teristicsofthegagemaybe summarizedas follows:

1.Thegage,exclusiveofpressureandelectricalconnections,
is 7/16inchindiameterand1/4inchthick.

.
2.Thefrequencyresponseofthegagealoneisapprodmatelythat

ofa single-de~ee-of-freedomsystemhavinga naturalfrequencyof

— — —. .—— -—. _.—
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4000cyclespersecondorhigheranda dampingratioofabout0.1.
Whenthegageisinstalledwithin1/4inchofthepointatwhichthe
pressureistobemeasured,thelowestnaturalfrequencyisusually
above2500cyclespersecond,andthedampingcanbevariedto suitthe
typeofmeasurement.

3. Theeffectofacceleratingforcesnormaltothediaphragmis of
theorderof1 percentoffullscaleper100g.Accelerationsof5000g
orhigherparalleltothediaphra~havenegligibleeffect.

4.TemperatureerrorsintheHge of-50°F to 200°F arenormally
lessthan0.03percentoffullscaleperdegreeandmaybe corrected.

5. Over-allaccuracywhenmeasuringsteady-stateorlow-frequency
pressuresisusuallylimitedbyhysteresiserrors,whicharenormally
lessthan1 percentoffullscale.Measurementscanbe madeupto
3000cyclespersecond~therrorsoflessthan5 percentwithproperly
designedpressureinlets.

6. Gageswithpressurerangesof+0.5,*1,*2,+4,*8,*15,*30,
*60,and*100poundspersquareinchhavebeensuccessfullybuilt.

7. Theinternalimpedanceofthegageis oftheorderof200ohms,
andleadwiresup to severalhundredfeetmaybe usedbetweenthegage
anditsassociatedequipment.

8. Theoutputissufficienttopermitthegagetobe usedcon-
venientlywithcarrieramplifierequipmentofstandarddesign.

9. Thesturdyconstructionofthegagepermitsitsuseina variety
ofapplicationswithoutdamage.

10.Constructioncostscomparefavorablywiththoseofotheravail-
ableelectricalpressuregagesusedto recordfluctuatingpressures.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyFieldjVs.,November21,1951

-. —
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APPENDIX

GRATHICALSOLUTION

sTRETcmD,

Iftheassumptions

FORTEEmfumnm NATURALFREQUENCYOFA

CIRCULAR,CLAMPED,FLATDIAPERAGM

aremadethatthediaphragmisperfectlyclamped
andina vacuum,andthatitsdeflectionsduringvibrationarerela-–
tivelysmall,reference8 givesthefollowingexpressionforthedeflec-
tion lr,at anyradiusr,asa solutionforthedifferentialequation
ofmotionfora circular,clamped,flatdiaphragmunderuniformradial
tension:

.
k211(k2R)Jo(klr)+ klJl(klR)Io(k2r)“- ~

(Al)
“=& k211(k@)Jo(%R)+ klJl(wqIo(%q

L-- -1

where Jo and J1

respectively,IO
ofthezeroethand

areBesselfunctionsofthezeroethandfirstorder,

and 11 areEesselfunctionswithimaginaryargumsnts
firstorder,respectively,and

./

kl=_C-d
2C

Et2gc=
12p(l- #)

Ee g
d=+

At an undampednaturalfrequency~, thedeflectionofa portionof
thediaphragmtheoreticallybecomesinfinite,andhencefromequation(Al),

W1(W)JO(W) + klJl(%R)Io(%$)‘ o

--——- --.-——-—— — ———
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If X= klR and y = k@ andthetermsarerearranged,

Io(Y) = -Jo(x)
YI1(Y) XJl(x)

(A2) “’

Figure21shoysa plot.of -Jo(x)/xJ1(x)againstx andtwoplotsof

Io(Y)/YII(Y)agatistY, onewherethehorizontalscaleis suchthat
x = y andonewhere x . O.ly.Theintersectionsofthecurvesgive
thevaluesof x and y whichsatisfyequation(A2)fortheparticular
caseswhere z. 1 ~d. $

Y

Itwillbe notedthat

x—.
Y

= 0.1.

when d = O (platewithout

m=’
tension),

andthat,when c = O (infinitelythinmembrane),~ = O. Sinceonly
positivevsluesof c, d,and ~ arepractical,therearenovalues
ofinterestof x/y exceptbetweentheselimits.Hence,itcanbe seen
fromfigure21that,atthefirstorfundamentalnaturalfrequency,x
is limitedinvaluetothe~ge from x . 2.@5 ~ . 0 and y . co to

( )

.

X = y = 3.~96. TableII givescorrespondingvaluesof x and y
obtainedfromexpandedplotsof -Jo(x)/til(x)a$ainstx and

~(Y)/YI1(Y)againsty forvarious~lues of x/y

Furthersimplificationisnecessaryto permita
methodofcalculatirignaturalfrequencies.Fromthe
definitions,

inthisrange.

straightforward
preceding

x=k,R=R/F-d

—
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hence

X2 .

2=

and

Also

$(J-c

g(@=i3

#.x2 -R2d
c

~2# . Rk%12
c

andhence

Substitutingthe reviously
tions(A3)and(At)yields

Thecorresponding

tableII. Figure

12R2eo(l- u2)/t2

)-d

)+d

(A3)

definedvaluesof c and d intoequa-

2 _ 12R2eo(l- u2)
x-

~2

(A4)

(A5)

(A6)

valuesforthesetwoexpressionsarealsotabulatedin

~)ltfi agai.t5 showsa plotof 2R2~3p(l

throughouttherangeneededfortheminiature-gage
diaphragmcalculations.Thissolutioncanbe usedto computethefunda-
mentalnaturalfrequencyofanycircular,clamped,flatdiaphragmunder
radialtension.Withthesameprocedure,a similarcurvecouldbeplotted
forothermodesofresonance.

—.—— _—— ————. —.— — — -- - -
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To usethisgraphicalmethod,it ismerelynecessaryto:

(1)Calculate12R2~(1- ‘#)/t2 fromtheinitialtension(expressed
ae strain)andthediaphragmconstants .

(2)Withthevalueobtainedin step(1),obta~thevalueof

2R2~rn-)/t@ fromthegraphical

(3)Calculate=Pdmltti

(4)Dividethe-valueobtainedin step
step(3)to obtainthenaturalfrequency

solution

(2)by thevalueobtainedin
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TABLEI

THESTANDARDPRESSURERANGESOFTHENACAMINIATUREGAGE

ANDSOMEOFTHEIRCHARACTERISTICS

%5smaard

pressure
range
(psi)

0.5
1

f
8

15
30
60

100

Diaphragm
thichess,t

(in.)

0.001
.001
● 0015
.002
.003
.00k(B.& S. 38)
.0056(B.& s. 35)
.00~(B.&S. 33)
.0089(B.& S. 31)

Approximate
initial

tension,e.
(in./in.)

0.00025
.0004
.0005
.0005
.0005
.00035
.00015

0
0

Average
full-scale
output
(Mv)

(a)

30

?.?
45
g

65

aAsmeasmd withthebridgecircuitoffigure17withan input
voltageof10voltsat10 kilocyclespersecond.

v
.

I

— ——
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TABLEII

~ VALUESOFTHEGR&PHICALSOLUTIONFORTEE~

UNDAMPEDNATURALFREQUENCYOFANYCIRCUIAR,CLAMPED,

FLATDIAPHRAGMUNDERRADIALTENSION

x/y x Y 2R%G7),I!o;,xL)tfi t2

al.o 3.1962 3.1962 10.22 0
● 93 3.170 3.33? loofi I 1.086
●9 3.143 3.492 10.98 2.317
.85 3.114 3.664 11.41
.8

3.725
3.083 3.854 11.88 ;.;%

● 75 3.051 4.06!3 12.41
.7 3.018 4.311 13.01
.65

9:480
2.983 4.589

.6
13.69 12.I_6

2.947 4.912 1$.48 15.44
● 55 2.909 5.281 15.36 lg. 43
.5 2.869 5.738
.45

16.46 24.69
2.828 6.284 17.77

.4
31.50

2.786 6.965 19.40 40.u
● 35 2.742 7.834 21.48 ;;. ;;
.3 2.696 8.987 24.23
.25 2.649 10.60 28.07 105:3
.2 2.602 13.01 33.85 162.5
.15 2.553 17.02 43.45 283.2
.1 2.505 25.05 62.75 62L2
.on 2.480 33.07 82.01 1087.3
.05 2.455 49.10 120.5 2405
.o~ 2.430 97.20 236.2 9442

b. 2.4048 m a w

%ate withouttension. T
%nfin.itelythinmembrane.

.
——. . ..— —---- . ..— —. ———— — —— —
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------ (
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63/37solderandRubytsStainless
Steelflux(seetableI forthickness)

Figurel.-
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Clinchedtightly
aroundcable

L,-::“..

ii$-.. . Ceresewax

—Coil wirewrapped
aroundtubingand
solderedbefore
cableisattached

\\’i \ NArA /

in
,lntal

- Case

SectionalviewofNACAminiatureelectricalpressuregage
model49-NC.
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Figure2.-Somepropertiesofnickel-tionalloys.
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Figure 3.-Design curves for -inch-_ter, k?-percent-nickel-alloy,
1 G

flat, stretched diaphmgm. Maximom allowed strain, 0.001 inch per m

inch; maxtTLm allowed nonlinearity, 1.0percent.
m
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Figure 4.- Cuves of deflection a@mt presmre for a typical diaphragm
of m IWCA miniature electrical pressure @ge. Rated premure range,
15Poundgpersquareinch;diaphragmthickne~s,t = 0.004~~.
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Figure 6.-Cmqutedfundamentalnaturalfrequenciessof diaphragmorthe
NACAtiiatureelectricalpressureewe.



34 NACATN 2659

-i t-’

Figure7.-SketchofHelmholtzresonatorshowingsynibolsusedinthis
paper.

Pressm
gage

f
b

I

Figure8.-Simplifiedalternating-currentbridge
usedinthispaper.
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Figure13.- DetaileddrawingsofthemaincomponentsoftheNACAminiature .
electricalpressuregagemodel49-NC. (Notationsareinaccordancewith
standarddraftingpractice.)
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Figure13.- Continued.
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Figure15.- Sketchesshowingtypicalinstallationsof theNACAminiatuxe -
electricalpressuregage.
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Figure16.-N1-scale voltageoutputasa functionof carrierfrequency
fora typical15-pound-per-square-inchminiaturepressuregage,when
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~igure 18.- Cal.ibratloncurveof a typkal kpound-per-squme-tich n)

miniature pressure gage when using a commercial carrier amplifier G
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Figure 19.-Sketch of pressure puleator Wed to check the frequency
response of dynamic-preaame gagea.
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Figure ~.- IYequency-responsecalibration of a typical 8-pouud-per-
square-inchNACA miniature electrical preBmre gage model 49-NC with
no added tubing.
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